Abstract. Little is known about the impact of indoor residual spraying (IRS) in areas with intense malaria transmission such as sub-Saharan Africa. In Malawi, IRS with lambda-cyhalothrin has been applied annually in an area of intense year-long transmission since 2007. We evaluated the impact of IRS on parasitemia and anemia prevalence in children less than five years of age by using a cross-sectional household survey conducted in 2009, six months after the second IRS spray round. We measured malaria parasitemia and anemia (hemoglobin level 11 g/dL) in 899 children less than five years of age and used binomial regression to assess the impact of IRS by comparing children living in a household sprayed with IRS (direct IRS) with those in a household not sprayed with IRS, but in an IRS area (indirect IRS) and those living in a household not sprayed with IRS and not in an IRS area (no IRS). In the IRS area, 77% of households reported receiving IRS. Adjusting for bed net use, house construction, and socioeconomic status, we found that receiving direct IRS and indirect IRS were significantly associated with a 33% (95% confidence interval [CI] = 1-54%) and 46% (95% CI = 20-64%) reduction in parasitemia and a 21% (95% CI = 4-34%) and 30% (95% CI = 12-45%) reduction in anemia prevalence, respectively.
INTRODUCTION
Vector control interventions such as insecticide-treated nets (ITNs) and indoor residual spraying (IRS) are key malaria control tools.
1,2 Both of these strategies depend on the action of insecticide either sprayed onto the wall or applied to the netting material to kill adult female anopheline mosquitoes either before or after a blood meal and reduce both the size and longevity of the adult mosquito population. In addition, some insecticides, including the synthetic pyrethroids, also repel mosquitoes from households, leading to reduced humanmosquito contact and increased mortality of adult mosquitos. 3 Lastly, bed nets provide a physical barrier to human-mosquito contact. Both ITNs and IRS are most effective for endophagic and endophilic mosquito vectors, where they provide a community-wide effect; thus persons who do not receive personal protection can still benefit from these interventions in their communities. [3] [4] [5] Insecticide-treated nets have proven effective in a large number of field trials and have been shown to reduce mortality in children 1-59 months of age, asexual malaria parasitemia, and anemia prevalence, as well as uncomplicated malaria and severe malaria incidence. 6 In recent years, because of their proven efficacy and relative ease of implementation, ITNs have become the predominant vector control strategy in many malaria-endemic areas of the world. 2 Evidence of IRS efficacy in reducing or interrupting malaria transmission has been available since the 1940s, and many historical examples of successful IRS programs exist from the Global Malaria Eradication Program era in the 1950s to 1970s. 7 However, IRS was not a major component of malaria control as part of the Global Malaria Eradication Program or afterwards in areas with intense, year-round transmission such as most of sub-Saharan Africa. Much of our early data on IRS efficacy in areas with intense, year-long malaria transmission comes from relatively small scale demonstration projects and cluster randomized trials. [8] [9] [10] [11] [12] More recently, IRS use has increased in sub-Saharan Africa and has had demonstrated impact in a number of different transmission settings. [13] [14] [15] [16] [17] [18] [19] [20] [21] In 2006, the World Health Organization has revised its recommendation for the use of IRS and endorsed IRS use in all malaria transmission zones, including much of sub-Saharan Africa. 1 Although some historical examples of IRS use in high transmission settings exist, 9, 10, 22 there is a paucity of recent data on IRS use in areas of intense, year-long malaria transmission.
Although IRS and ITNs have been shown to be effective at reducing malaria transmission, 6, 11 there are unanswered questions about their relative efficacy 8 and cost effectiveness, [23] [24] [25] as well as the additional protection afforded by the combined use of IRS and ITNs. 11, 26 There are few head-to-head comparisons of ITN and IRS efficacy, and the data thus far are mixed. A review of six previously conducted studies across sub-Saharan Africa and South Asia concluded that IRS appeared more protective in one trial conducted in a stable malaria transmission area, but that ITNs seemed to be more protective than IRS in unstable transmission areas. 11 In addition, there is relatively little information to guide program managers regarding the relative cost effectiveness of the two interventions given mixed results from previous studies. [23] [24] [25] Moreover, we do not understand if there are additional benefits of combining IRS and ITNs. Thus far, field studies and mathematical models are far from conclusive and suggest variable effects dependent on epidemiologic conditions as well as choice of insecticide. 11, [26] [27] [28] Lastly, we do not fully understand the impact of insecticide resistance on IRS and ITNs and their relative efficacy in the face of resistance as well as their use as insecticide resistance management tools. 29 Although randomized trials to address the role of ITNs versus IRS are being planned, observational data might provide some insights into the relative merits of each intervention individually versus (Figure 1) . 30 Nkhotakota District was chosen for IRS on the basis of intensity of malaria transmission and burden of disease, as well as the potential applicability to other rural areas in Malawi. In addition, the district was previously used for vector assessments, has distinct boundaries including Lake Malawi on the east and the national forest on the west, and had included IRS as a proposed activity in its District Implementation Plan. The first round of IRS occurred in December 2007 (28,227 structures) in a limited geographic area and the second round of IRS occurred in October-November of 2008 (42,044 structures) in an expanded geographic area; both IRS rounds were conducted only in the northern half of Nkhotakota. 30 We assessed the impact of IRS on malaria parasitemia and anemia prevalence in children less than five years of age by using a cross-sectional household survey in the April 2009, approximately six months after the second IRS spray round.
MATERIALS AND METHODS
Study site. Nkhotakota District is in the Central Region of Malawi and includes a main port on Lake Malawi. As of 2008, the district had a population of 303,659. 31 Nkhotakota lies at an elevation of 1,548 feet (472 meters) above sea level and has year-round malaria transmission with a seasonal peak from December to June, after the main rainy season. Ninetyeight percent of malaria infections in Malawi are caused by Plasmodium falciparum. Anopheles gambiae complex and An. funestus are the primary malaria vectors. 32 Malaria infection burden is high in Nkhotakota District; according to a pre-IRS household survey conducted in 2007, 72% of children 6-30 months of age had malaria parasitemia (Mathanga D, unpublished data) . No published data on malaria endemicity in Nkhotakota District exist, but distribution and seasonality geospatial models suggest similar climate suitability to sustain endemic malaria transmission in the northern and southern halves of Nkhotkota District. 33 Household survey. Full details of data collection procedures have been described. 34 In brief, we conducted a cross-sectional household survey during April 16-30, 2009 , at the end of the long rains and in the middle of the high malaria transmission season in urban and rural communities of Nkhotakota District. We used a two-stage cluster sampling design. The first stage was composed of selecting 30 enumeration areas (EAs) by using systematic random sampling with selection probability proportional to size using the 1998 census. In the second stage, we divided the EA into segments of approximately 30-60 households and randomly selected a segment by using a personal digital assistant (PDA, Dell Axim X50s; Dell Inc., Austin, TX) with a specially designed program for random segment selection developed by the Centers for Disease Control and Prevention. On the basis of the estimated number of households in the EA or selected segment, all households or a randomly selected subset of households were invited to participate in the survey. Informed consent was obtained from the head of household to participate in the survey. All household members were asked to participate and those who agreed were asked standardized questions about themselves, as well as other members of the household. If no household members were at home, the household was revisited at the end of the day. If no one was available after two visits, the household was dropped from the survey and not replaced. Data were collected electronically by using a questionnaire designed and programmed into PDAs using Visual CE 11.0 (Syware Inc., Cambridge, MA). 35 The questionnaire was designed in English and translated into the three main languages spoken in Malawi: Chichewa, Chitumbuka, and Chiyao. All questions were closed-ended, but the choices were not read to respondents. Responses were coded as other if the respondent's answer did not match any of the anticipated categories. Skip patterns, internal logic checks, and informational pop-up screens were programmed into the PDA-based survey to improve the ease and accuracy of data collection.
Laboratory procedures and treatment. Parent or guardian consent was obtained for a finger prick blood sample for all children less than five years of age. A thick blood film was prepared and hemoglobin concentration was measured by using the Hemocue Hb 201+ Analyzer (Hemocue Inc., Cypress, CA). The thick blood smears were stained with Field's stain A and B (azure dye and eosin). Blood smears were considered negative if no parasites were found after counting 200 fields. Thick blood films were examined at central laboratory facilities located in each region. For quality control purposes, 10% of slides were re-examined by an expert microscopist at a reference laboratory in Blantyre, Malawi.
Hemoglobin results were shared with the parent or guardian at the time of the household visit. Children with hemoglobin levels 8 g/dL were provided written results, given artemether-lumefantrine, albendazole (if 24 months of age), an age appropriate two-week dosage of daily iron, and referred to a health facility. Children with a history of fever received immediate presumptive treatment of malaria with artemether-lumefantrine, according to Malawi national treatment guidelines. Children who had been treated with artemether-lumefantrine within the past two weeks, but remained febrile at the time of the survey, were treated with quinine. Children who were found to be seriously ill, as determined by the survey nurses, were provided transportation to the nearest health facility.
Definitions. Given the known community-wide effect of IRS, we classified exposure to IRS in three categories: living in a household that had been sprayed with IRS as determined by self-report (direct IRS); living in a household that had not received IRS, but was in an IRS area (indirect IRS); and living in a household that had not received IRS and was not in an IRS area (no IRS). An ITN was defined as any long-lasting insecticide treated bed net, any bed net factory-treated with insecticide and obtained less than 12 months ago, or any bed net treated with insecticide less than 12 months ago. Bed net and ITN use were defined as reportedly sleeping under a bed net or ITN the previous night, respectively. In children less than five years of age, any anemia was defined as a hemoglobin level 11 g/dL and moderate-to-severe anemia was defined as a hemoglobin level 8 g/dL. Parasitemia was defined as presence of asexual P. falciparum parasites on a thick blood film.
Data analysis. All responses were entered directly into a PDA database in the field. Data were downloaded into a relational database by using Access 2000 software (Microsoft Inc., Redmond, WA). Analyses were performed by using SAS version 9.2 (SAS Institute, Cary, NC) using the proc survey procedures, which uses the Taylor expansion method to account for cluster sampling and unequal selection probabilities. Binomial regression was performed using proc genmod, which uses generalized estimating equations to account for cluster sampling. Analyses were weighted, and weights equaled the inverse of the exact probability of selection. Percentages reported in this report reflect this weighting unless otherwise noted. Statistical significance was defined as a P value 0.05.
As described, 34 a relative index of household socioeconomic status was derived on the basis of 19 categorical variables using principal components analysis. 36, 37 The variables included were a combination of utilities (sources of water, light, toilet type), use of domestic workers, and ownership of assets (land, bicycle, motorcycle, car, oxcart, lamp, radio, television, telephone, cell phone, refrigerator, bed, sofa, table). Of note, house construction variables (floor, walls, and roofs) were not used because they might be independently associated with outcomes of interest such as parasitemia or anemia in children less than five years of age.
Using a binomial regression model, we assessed the impact of exposure to IRS (direct IRS and indirect IRS), ITN, and untreated bed net use, and the additional benefit of exposure to direct IRS and ITN use (an interaction term of direct IRS and ITN use) on asexual parasitemia and any anemia in children less than five years of age, adjusting for potential confounders including house construction variables (wall and roof) and socioeconomic status by wealth quintile. House construction variables and socioeconomic status were identified as potential confounders because they were significantly associated with the outcomes of interest and differentially distributed between IRS and non-IRS areas.
Ethics statement. This study was approved by the University of Malawi College of Medicine (Blantyre, Malawi) ethical committee and the Centers for Disease Control and Prevention (Atlanta, GA) Institutional Review Board. Written informed consent was obtained from all adult participants and all parents or guardians of children.
RESULTS
Characteristics of households and children less than five years of age. We surveyed 884 households that contained 899 children less than five years of age in Nkhotakota District; 46% of households were located in an IRS area (Table 1 and Figure 1 ). Household characteristics such as ITN ownership were similar between households in IRS and non-IRS areas, except for house construction variables (wall or roof) and socioeconomic status. Households in non-IRS areas were significantly more likely to be in poorest quintile, and reside in a house with mud walls and a roof made of natural materials. Within the IRS area, 77% of households reported receiving IRS during the last spray season.
Surveyed children less than five years of age residing in IRS and non-IRS areas had similar bed net and ITN use, but children residing in non-IRS areas were significantly more likely to be in poorest quintile, and reside in a house with mud walls and a roof made of natural materials (Table 2) . Although the prevalence of fever in the past two weeks was similar among children less than five years of age residing in IRS and non-IRS areas (50% versus 50%; P = 0.99), the prevalence of malaria parasitemia (22% versus 42%; P 0.001), any anemia (53% versus 72%; P = 0.002), and moderate-tosevere anemia (6% versus 11%; P = 0.05) were significantly lower in IRS versus non-IRS areas, respectively. 69 (8, (6) (7) (8) (9) (10) (11) 21 (6, (3) (4) (5) (6) (7) (8) 48 (10, (7) (8) (9) (10) (11) (12) (13) (14) 0.05 *IRS = indoor residual spraying; CI = confidence interval; NA = not applicable; ITN = insecticide-treated net; Hb = hemoglobin. †Statistical testing comparing IRS area and non-IRS-area using t-test or Wald chi-square test as appropriate.
Factors associated with parasitemia and anemia in children less than five years of age. We assessed the association between living in a household that had received IRS (direct IRS), living in a household in an IRS area that had not received IRS (indirect IRS), and living in a non-IRS area with malaria parasitemia and any anemia in children less than five years of age in Nkhotakota District. Children less than five years of age who resided in households with either direct (adjusted prevalence ratio [aPR] = 0.67, 95% confidence interval [CI] = 0.46-0.99, P = 0.04) or indirect (aPR = 0.54, 95% CI = 0.36-0.80, P = 0.002) IRS were less likely to have malaria parasitemia, after adjusting for ITN and untreated bed net use, socioeconomic status, and house construction (Table 3) . Untreated bed net and ITN use were not significantly associated with malaria parasitemia. In addition, children less than five years of age who resided in households with either direct (aPR = 0.79, 95% CI = 0.66-0.96, P = 0.02) or indirect (aPR = 0.70, 95% CI = 0.55-0.88, P = 0.003) IRS were less likely to have any anemia after adjusting for ITN and untreated bed net use, socioeconomic status, and house construction (Table 4) . Insecticide-treated net use was not significantly associated with reduced anemia prevalence, but untreated bed net use had a modest protective effect (aPR = 0.88, 95% CI = 0.79-0.98, P = 0.02). In addition we explored the additional benefit of combining IRS and ITNs and found no significant association between combined IRS and ITN use and reduced parasitemia or anemia prevalence (Tables 3 and 4) .
DISCUSSION
Indoor residual spraying is increasingly being adopted as a vector control strategy in areas of intense, year-round transmission in sub-Saharan Africa. We present the direct and indirect impact of an IRS program using lambda-cyhalothrin in an area of intense malaria transmission in Malawi. Compared with areas of the same district with similar transmission potential, children who lived in an IRS area (regardless of whether the house that they lived in was sprayed) had lower prevalence of malaria parasitemia and anemia, even after adjusting for bed net use, socioeconomic status, and house construction. These findings suggest that one round of IRS per year might reduce malaria infection burden and anemia in areas with potential for endemic malaria transmission.
However, the impact of yearly IRS in this area needs to be interpreted with caution because the survey was conducted six months after the second spray round. Indoor residual spraying in Nkhotakota District reduced An. gambiae complex and An. funestus populations as measured by window exit traps and pyrethrum spray catches (Mzilahowa T, unpublished data). In addition, residual insecticide activity was noted for at least six months after the spray round using wall cone bioassays with susceptible Kisumu strain An. gambiae s.s. Given the maximum expected residual half-life on sprayed surfaces of lambda-cyhalothrin of approximately six months, we would expect to have some effect of IRS on vector control at the time of the survey, approximately six months after the second spray round. However, given the timing of the survey, we cannot determine if a single round of IRS was sufficient to maintain adequate vector control for the whole year.
In this study, we were able to detect a community-wide effect of IRS; all children who resided in the IRS area were less likely to have malaria parasitemia or anemia regardless of whether they lived in a household that had received IRS. This finding is consistent with our understanding of how IRS works and suggests that a community-wide effect can be detected even with IRS coverage of only 77% of households in a community. Whether this degree of coverage is adequate in all settings needs to be studied further.
In our analysis, we did not find an association between ITN or untreated bed net use and either reduced malaria parasitemia or anemia prevalence in children less than five years of age. We might not detect an impact of bed net use on disease burden because of our relatively small sample size. Of note, in a larger analysis using data from eight districts in Malawi, we found a significant association between ITN use and reduced parasitemia and anemia prevalence. 34 Although we explored the potential impact of the combined use of IRS and ITNs using an interaction term in our model (received IRS + slept under an ITN), we did not have a sufficiently large sample size to detect any additional benefit. This finding is an area of increased interest to the global malaria control community and deserves further study using rigorous field trials. . 30 In addition, the National Malaria Control Program with the use of Government of Malawi funds has initiated an IRS program in five additional districts in the lakeside and Shire Valley, including Nkhata Bay, Nsanje, Mangochi, Karonga, and Chikwawa Districts, which will cover an additional 650,000 houses and approximately 2.7 million persons. 30 Although results of this analysis suggest a substantial impact of IRS using lambda-cyhalothrin on parasitemia and anemia prevalence, recent reports of pyrethroid resistance in A. funestus in Nkhotakota District (Mzilahowa T, unpublished data) and Likoma Island, Malawi, 38 phenotypically similar to pyrethroid-resistant An. funestus in other parts of southern Africa, [39] [40] [41] [42] [43] are concerning and could undermine the efficacy of IRS with pyrethroids and ITNs. In response to these reports, the IRS program in Nkhotakota and Salima Districts has replaced pyrethroids with pirimiphos-methyl, an organophosphate. Close monitoring of the IRS program in Malawi will be needed to assess the impact of insecticide resistance on IRS efficacy and to guide the choice of insecticide for future spray rounds.
Given the cross-sectional nature of this household survey, we were unable to control or even measure all known confounders between the IRS and non-IRS areas of Nkhotakota District. There were some differences between northern and southern Nkhotakota in socioeconomic status, which could potentially affect the prevalence of malaria in each area. However, the northern and southern parts of the district have similar climate suitability to maintain malaria transmission and had similar levels of malaria parasitemia and anemia prevalence in 2007 before the introduction of IRS. To mitigate potential differences between the two study areas, we used an adjusted analysis to control for socioeconomic status, house construction, and the use of malaria control interventions such as ITNs. In addition, we were hampered by a relatively small sample size and thus unable to further explore the impact of bed nets either alone or in combination with IRS on parasitemia and anemia in children less than five years of age.
In this cross-sectional household survey, IRS was associated with reduced malaria parasitemia and anemia prevalence in children less than five years of age. This study supports the use of IRS in areas with intense transmission such as much of subSaharan Africa, but should be interpreted with caution. The impact of IRS is dependent on the use of an effective insecticide, adequate coverage, and a sufficient number of spray rounds per year to adequately reduce vector populations. The study found no impact of ITNs, regardless of whether a child lived in an area covered by IRS. However, previous work in Malawi has shown a clear protective effect from ITNs 34 and a larger sample size may be required to address this specific question. As Malawi expands its IRS program and faces the threat of the spread pyrethroid-resistant An. funestus, close monitoring is needed to ensure that IRS continues to be effective.
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